Introduction
Cenp-F, also named mitosin, is a large human protein of 3113 amino acid residues. Its expression and localization are cell cycle-dependent. The protein level is low in G1 phase but elevated from S to early M phase. It is a nuclear matrix protein in interphase but is relocated to the kinetochore, the major site of microtubule attachment on chromosome, in M phase [1] [2] [3] . Recently, several independent works have documented the importance of Cenp-F in the M phase progression: mitotic cells lacking Cenp-F exhibit delayed anaphase onset [4] [5] [6] [7] . Moreover, Cenp-F can recruit NudE and Nudel (NudE-like) to the kinetochore to modulate cytoplasmic dynein function in M phase [8, 9] .
In addition to M phase, emerging evidence also uncovers a role of Cenp-F in differentiation and transcription regulation. Cenp-F is a retinoblastoma (Rb)-associated protein [3, 10] . Its chicken homolog, CMF1, is involved in cardiac muscle differentiation [11, 12] , whereas its murine homolog, LEK1, is important for cardiac muscle differentiation through interaction with Rb [13] . Cenp-F can directly interact with transcription factor ATF4 and inhibit the latter's transactivation activity [14] . Moreover, silencing Cenp-F attenuates histone methylation [15] .
As a large protein, Cenp-F appears to interact with different partners through distinct regions. It contains 11 leucine zipper motifs [3] , which are potential dimerization motifs found in DNA-binding proteins [16] . Several such motifs at the C-terminus are involved in its kinetochore-targeting and interaction with ATF4 [14, 17] . Residues 2961-3001 of Cenp-F bind to Rb [3, 10] , whereas residues 2930-2958 contain a strong nuclear localization signal (NLS) [18] .
The nuclear matrix is a fibrillar network seen in the nucleus under electron microscopy after removal of nucleic acids and soluble proteins. It is thought to be involved in DNA replication, higher-order chromatin organization, and gene regulation [19 -21] . We have previously shown that overexpression of N-terminal deletion mutants of Cenp-F, especially the pTC mutant (2756-3113 amino acid) or the pTZ mutant that overlaps with pTC between residues 2092 and 3113, potently induces chromatin condensation into numerous foci colocalizing with the exogenous proteins in Chinese hamster ovary (CHO) cell nuclei [17, 22] . Since such property might reflect the role of Cenp-F in chromatin organization as a nuclear matrix protein, in the current study, we performed further analysis on it.
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Materials and Methods

Plasmids
Plasmids for the expression of Flag-tagged Cenp-F mutants pTN, pTND-N, pTZ, pTC, and pTCP were described previously [17] . To express Flag-pC112-N, a cDNA fragment coding for amino acid residues 3001 -3113 of Cenp-F was amplified by PCR and cloned into a vector downstream of a sequence encoding the Flag epitope and the NLS of Simon virus 40 as described [17] .
Cell culture and flow cytometry Human embryonic kidney (HEK) 293T cells were maintained in Dulbecco's modified Eagle's medium (Invitrogen, Carlsbad, USA) supplemented with 10% calf serum (Sijiqing Company, Hangzhou, China) at 378C in an atmosphere containing 5% CO 2 . Cells were transfected using the calcium phosphate method and assayed at 36 h posttransfection. For flow cytometry, cells were fixed in cold 70% ethanol for 1 h and then stained with propidium iodide (20 mg/ml) in the presence of RNase A (200 mg/ml). Samples were analyzed using fluorescence-activated cell sorter (Becton Dickinson, Franklin Lakes, USA). A coverslip was included in each population for determination of transfection efficiency via immunostaining with anti-Flag antibody.
Fluorescence staining
Cells grown on glass coverslips were rinsed twice with phosphate-buffered saline and fixed in cold methanol for 2 min. mAb to Flag M2 (Sigma, St Louis, USA) was used at 1:1000. Anti-Cenp-F IgY [23] was used at 1:500. Rabbit antibodies to phospho-Ser10 of histone H3 (Millipore, Billerica, USA) or activated caspase 3 (from Dr. Xuejun Zhang, Institute of Biochemistry and Cell Biology) were used at 1:1000 and 1:300, respectively. Secondary antibodies conjugated with Alexa 488 or 546 (Invitrogen) were used at 1:100. Nuclear DNA was labeled with 4 0 ,6 0 -diamidino-2-phenylindole (DAPI; 0.5 mg/ml).
Fluorescence in situ hybridization HEK293T cells were suspended, treated in hypotonic buffer (0.4% KCl) for 15 min, and then fixed in the mixture of methanol and glacial acetic acid (3:1), followed by the preparation of chromosome spread [24] . Fluorescence in situ hybridization (FISH) was then performed as described previously [24] using Cy3-labeled human whole chromosome 1 (HSA1) or 3 (HSA3) painting probes (Kunming Cell Bank, Chinese Academy of Sciences). Similar procedures were applied to HEK293T cells overexpressing Flag-pTC. Samples were then subjected to immunofluorescence staining with anti-Flag mAb and secondary antibody conjugated with Alexa 488. Chromosome DNA was stained with DAPI.
Fluorescence microscopy Fluorescence images were captured by using Leica TCS SP2 laser confocal microscope (Heidelberg, Germany). Optical sections were scanned at 0.3-0.5 mm intervals. Z stack images were then formed by maximal projection. Statistic results were obtained in a blind fashion and presented as the mean + SD of the mean.
Co-immunoprecipitation
For mass spectrometric analysis, 1.2 Â 10 8 HEK293T cells transfected for 48 h to express either FLAG-tagged pTC or pTCP mutant were lysed and subjected to immunoprecipitation using anti-Flag M2 agarose beads (Sigma) as described [25] . Proteins were visualized by silver staining after 3-15% gradient sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE). For immunoblotting, immunoprecipitation was performed with 2 Â 10 7 HEK293T cells. After SDS -PAGE, proteins in gel were transferred to nitrocellulose membranes (Schleicher & Schuell, Dassel, Germany). Immunoblots were developed in chemiluminescence reagent (PerkinElmer, Boston, USA) and exposed to X-ray films (Kodak, New York, USA).
Results
Overexpression of Cenp-F N-terminal deletion mutants induces chromatin aggregation
We have previously shown that the overexpression of N-terminal deletion mutants of Cenp-F, termed pTC or pTZ [ Fig. 1(A) ], markedly altered chromatin organizations in interphase nuclei of CHO cells [17, 22] . To clarify whether such a phenotype is an artifact in CHO cells, we overexpressed Cenp-F mutants in several different cell lines. Like in CHO cells, overexpressing Flag-tagged pTN, pTZ, or pTC mutant [ Fig. 1(A) ] in HEK293T cells dramatically altered chromatin organizations. In the majority of transfectants, chromatin DNA was condensed into distinct speckles colocalizing with the mutants [ Fig. 1 
(B,C)].
The condensation was more severe in pTC-positive cells: chromatins frequently aggregated into discrete foci of varying sizes positive for pTC [ Fig. 1(B) ]. In contrast, overexpression of Flag-tagged full-length Cenp-F, the pTND-N or pTCP mutant had little influence on nuclear morphology [ Fig. 1(A-C) ]. Similar results were observed in human cervical tumor (HeLa) and mouse embryonic stem (ES) cells as well (L. Ma and X. Zhu, unpublished data). Effects of these N-terminal deletion mutants to induce chromatin condensation are thus universal.
Since residues 2962-3002 of Cenp-F can bind to Rb [3,13], we examined whether Rb binding was involved in
Cenp-F in interphase chromatin organization chromatin condensation. Flag-pC112, a mutant lacking the Rb-binding region, was created [ Fig. 1(A) ]. As this mutant lacked the NLS, an artificial NLS was added to its N-terminus as described previously [17] . As shown in Fig. 1(B) , overexpression of this mutant still led to similar chromatin condensation. Therefore, such a role of Cenp-F mutants does not require its Rb-binding activity.
Chromatin condensation induced by Cenp-F mutants occurs in interphase As chromatin condensation usually occurs in prophase, we examined whether the Cenp-F mutants induced DNA condensation in interphase or simply due to a mitotic block in prophase. Phosphorylation at a highly conserved serine residue (Ser10) in the histone H3 tail appears early in the G2 phase within pericentromeric heterochromatin and spreads to the entire chromosome following M phase entry [26, 27] . We thus used phospho-H3-Ser10 (H3P) as a mitotic marker to distinguish interphase cells from prophase ones. In control HEK293T cells, an antibody specific to H3P indeed brightly labeled mitotic cells, including early prophase cells that were in initial stages of chromosome condensation [ Fig. 2(A) ]. However, cells overexpressing the pTN, pTZ, pTC, or pC112 mutant were obviously negative for H3P [ Fig. 2(B) ]. The anti-H3P antibody also decorated, to varying extents, punctate subcellular structures, possibly pericentromeric heterochromatin [26, 27] , in an interphase nucleus of intact cells [ Fig. 2(C) ]. Such labeling, however, was much weaker than in mitotic cells and required overexposure to visualize [ Fig. 2(C) ]. FLAG-pTN-positive cells were usually negative for such punctuate staining. H3P labeling, if any, was dispersed in the nucleus [ Fig. 2(C) ].
We then performed flow cytometry to examine whether those cells were prophase ones lacking H3P modification. As shown in Fig. 2(D) , with transfection efficiencies !60%, the cell cycle profiles for populations overexpressing either the pTN or the pTC mutant were similar to those of mock-transfected cells. Therefore, the Cenp-F mutant-overexpressing cells with condensed chromatins were actually in interphase, not prophase, indicating abnormal interphase chromatin organization. 
Cenp-F in interphase chromatin organization
The chromatin condensation is not due to apoptosis We then examined whether the chromatin condensation was due to apoptosis. Caspase 3 is a crucial protease that is activated and responsible for cleavage of many key cellular proteins during apoptosis [28] . Activated caspase 3 was thus used as an apoptotic marker. As a positive control, HEK293T cells treated with H 2 O 2 to induce apoptosis [29] exhibited a magnificent sub-G1 peak in flow cytometry assays [ Fig. 3(A) ]. These cells also showed strong active caspase 3 staining and severe nuclear shrinkage [ Fig. 3(A) ]. In contrast, HEK293T cells overepressing the pTN or the pTC mutant were negative for the active caspase 3 staining [ Fig. 3(B) ]. This is also consistent with the lack of an apparent apoptotic peak at the sub-G1 region in their cell cycle profiles [ Fig. 2(D) ]. We thus conclude that the Cenp-F mutant-induced chromatin condensation is not a result of apoptosis.
Cenp-F mutant-induced chromatin aggregates are not formed by individual chromosomes
To assess whether chromatin aggregates induced by Cenp-F mutants are formed by premature condensation of single chromosomes, we compared the aggregate number with the chromosome number. Mitotic chromosome spreads of HEK293T cells [ Fig. 4(A,D) ] contained 63 + 5 chromosomes (n ¼ 15). The number of chromatin aggregates in interphase cells overexpressing Flag-pTC varied between cells [ Fig. 4(B, E) ; also see Figs 1-3] . Nevertheless, when cells with discrete aggregates were Cenp-F in interphase chromatin organization examined, the average number of aggregates (64 + 13; n ¼ 12) was close to that of chromosomes.
To further clarify the above results, we performed FISH using Cy3-labeled human whole chromosome painting probes (HSA) for either chromosome 1 or 3. In mitotic chromosome spreads, four chromosomes were painted by either HSA1 or HSA3, though sometimes small portions of the chromosome termini were not painted, presumably due to translocation between chromosomes as well as heterogeneity of tumor cell lines [ Fig. 4(A,D) ]. When the HSA3 probe was applied to interphase cells overexpressing Flag-pTC, 5-6 painted large speckles were seen in 75% of cells analyzed [ Fig. 4(B,C) ]. As to HSA1, 6-10 large speckles were usually observed in 83% of interphase cells overexpressing the pTC mutant [ Fig. 4(E,F) ]. Most painted speckles, however, failed to cover the entire chromatin aggregates [ Fig. 4(B,E) ], indicating the existence of chromatin of different chromosomes in an aggregate. Therefore, the pTC mutant-induced chromatin aggregates are not prematurely condensed individual chromosomes.
Taking together, we conclude that Cenp-F mutants such as pTC can markedly alter interphase chromatin organization into aggregate-like structures, implying a role of Cenp-F in chromatin organization.
Association of endogenous Cenp-F with chromatin
If the chromosome-condensation property of Cenp-F mutants reflected a role of wild-type Cenp-F, endogneous Cenp-F should at least exhibit certain correlation with nuclear chromatin. In intact cells, Cenp-F colocalizes with chromatin because it is distributed in the nucleus but is excluded from the RNA-rich nucleoli [2, 3, 23] . To further corroborate this, we treated HEK293T cells grown on coverslips with hypotonic buffer followed by a brief centrifugation to swell their nuclei, a procedure originally used for preparation of chromosome spread [17, 30] . After such a treatment, chromatins exhibited a sponge-like morphology [ Fig. 5, panel 2] . We excluded the possibility that the Cenp-F in interphase chromatin organization treated cells were in prophase because those in G0 or G1 phase, which are negative for Cenp-F staining [3] , also showed similar morphologies [ Fig. 5, panels 1 and 2] . When optical sections were examined, the punctate staining of Cenp-F was seen to associate with certain regions of chromatins, particularly at interfaces between chromatin fibers and chromatin-free cavities [ Fig. 5, panels 3-5] . Such patterns support a role of Cenp-F in chromatin organization.
Association of Cenp-F with DNA-PK For insights into possible mechanisms of the pTC mutant-induced chromatin condensation, we performed co-immunoprecipitation assays to search for possible associated proteins. After silver staining, we reproducibly detected a protein with very high molecular weight from the immunoprecipitates of Flag-pTC, but not of Flag-pTCP [ Fig. 6(A) ]. Mass spectrometry indicated that the protein was the catalytic subunit of DNA-dependent protein kinase (DNA-PKcs) [ Fig. 6(A) ]. Moreover, two of the other bands were also identified as Ku80 (also termed Ku86) and the 70-kDa heat shock protein [ Fig. 6(A), lane 2] .
As Ku80 is also a subunit of DNA-PK [31, 32] , we further confirmed the association between pTC and DNA-PK. Immunoblotting indeed indicated the presence of both DNA-PKcs and Ku70, another subunit of DNA-PK [31, 32] , in immunoprecipitates of Flag-pTC but not Flag-pTCP [ Fig. 6(B), lanes 4 and 5] . Moreover, the association of DNA-PK with Cenp-F was also confirmed via overexpression of Flag-tagged full-length Cenp-F [ Fig. 6(B) , lane 6].
Discussion
We showed that the C-terminal 112 residues of Cenp-F contained a functional domain whose overexpression was sufficient to induce aggregation of interphase chromatin. Such an effect of Cenp-F mutants is neither due to cytotoxicity because cell death was not apparent upon their overexpression (Fig. 3) . Nor is it due to premature condensation of individual chromosomes (Fig. 4) . The phenotype was also seen in different cell lines, including CHO, HeLa, HEK293T, and even ES cells ( Fig. 1; data not shown) [17, 22] , suggesting a universal role of the C-terminal region. Interestingly, we noticed that whereas in untransfected interphase cells H3P was distributed in puncta [ Fig. 2(C) ], possibly at positions of pericentromeric heterochromatins [26, 27] , overexpression of the pTN mutant caused dispersion of H3P in the interphase nucleus [ Fig. 2(C) ]. Therefore, the C-terminal Cenp-F mutants can not only cause abnormal chromosome condensation, but affect H3P distributions in the interphase nucleus as well.
The effect of the C-terminal Cenp-F strongly suggests a role of Cenp-F in interphase chromatin organization. Consistently, endogenous Cenp-F was located at interfaces between chromatin fibers and chromatin-free cavities (Fig. 5, panels 3-5) . Distribution of Cenp-F in the nuclear matrix [2, 19] also supports a role in chromatin organization.
How the C-terminal Cenp-F affects chromatin organization is currently not clear. One of the clues is its association with DNA-PK (Fig. 6) . DNA-PK is a protein kinase composed of DNA-PKcs and Ku70/Ku80 heterodimer. It is critical for DNA repair, especially non-homologous end joining of DNA double-strand breaks, telomere maintenance, and other functions [31, 32] . The Ku heterodimer binds to DNA breaks with high affinity and is critical for genome stability [31 -33] . It possesses DNA helicase activity as well [34] . Since, compared with pTCP, the chromatin aggregation effect of pTC (Fig. 1) was closely correlated with its association with DNA-PK (Fig. 6) , the interplay between Cenp-F and DNA-PK (Fig. 6 ) might thus be important for chromatin organization. The N-terminal region of CENP-F might interact with other protein(s) to counteract the C-terminal region associated with DNA-PK, so that the full-length CENP-F could function to maintain proper chromatin organizations. In this context, overexpression of Cenp-F deletion mutants that reserve DNA-PK association activity, e.g. pTC (Fig. 6) , might impair the normal function(s) of Cenp-F and consequently behave as dominant-negative mutants to induce Figure 6 Association of CENP-F with DNA-PK (A) HEK293T cells overexpressing Flag-tagged pTC or pTCP were subjected to co-immunoprecipitation using anti-Flag M2 resin. Proteins were then visualized by silver staining after SDS-PAGE. Arrows indicate proteins identified through mass spectrometry. (B) Flag-tagged full-length CENP-F and its mutants pTC and pTCP were overexpressed in HEK293T cells and subjected to co-immunoprecipitation (IP). Immunoblotting was then performed to visualize endogenous DNA-PKcs and Ku70.
Cenp-F in interphase chromatin organization disorganizations of interphase chromatin (Fig. 1) . Consistently, pTCP, which failed to associate with DNA-PK (Fig. 6) , was unable to induce chromatin aggregation (Fig. 1) . Nonetheless, whether Cenp-F associates directly with DNA-PK and functions in the aforementioned manner still awaits further investigation.
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